Abstract: Orientations of folds and small faults were measured in Turonian and Senonian rocks along the western limb of the Ramallah monocline in Israel, one of the structures comprising the Syrian Arc fold belt (SAFB). The minority of the folds, aligned NNE-SSW, are compatible with the WNW-ESE shortening trend of the SAFB, whereas the majority of them, aligned ENE-WSW, are not compatible with this shortening trend. Kinematic analysis of faults' attitude indicates NNW-SSE shortening and ENE-WSW extension in accordance with the shortening of the majority of folds. Based on the folds trends, scale, and geometry, as well as the associated fault kinematics, we conclude that the folding mechanism is tectonic shortening and not intraformational folding due to landsliding or collapse owing to karst activity as previously postulated. We propose that a minority of the folds, compatible with the major trend of the Ramallah monocline, are parasitic small folds within the SAFB. The majority of the folds, which are not compatible with the SAFB, were formed owing to NNW-SSE shortening that has been associated with Miocene to Recent movement along the Dead Sea Transform.
The Syrian Arc fold belt (SAFB) (Krenkel 1924) consists of three segments, which are characterized by the distinct orientation of their axes (Fig. 1a) . The fold axes in the southwestern segment in Sinai (Egypt) and northern Negev (Israel) are aligned NE-SW; the folds in the central segment, comprising the Judea-Samaria and Galilee mountains in Israel and southern Lebanon, are aligned NNE-SSW to almost north -south, and the northeastern segment, the Palmyrides (Syria), are aligned NE -SW. It is widely accepted that these structures formed owing to displacement along reverse faults (e.g. Mimran 1976) , that resulted from reactivation of older, Jurassic, normal faults (Freund et al. 1975; Bruner 1991; Walley 1998 ; and references therein). The central segment of the Syrian Arc comprises the NNE-SSW trending monoclines of Hebron, Ramallah, and Fariah, whose axes are arranged in en-echelon architecture (Shahar 1994) . These monoclines are the most prominent structures in the central and northern parts of Israel and form the mountain backbone west of the Jordan River (Fig. 1b) . The early folding of the Syrian Arc owing to WNW-ESE shortening started during the Turonian series and terminated at the Miocene series (Letouzey & Tremolieres 1980; Eyal & Reches 1983) or extended from the Turonian series to the Present (Eyal 1996) . A later regional shortening, trending NNW -SSE and related to the Dead Sea Transform (DST) is active from the Miocene series to the Present (Letouzey & Tremolieres 1980; Eyal & Reches 1983; Eyal 1996; Eyal et al. 2001) .
New road cuts in the Turonian Bina Formation expose many mesoscale folds, faults, and joints in the western margins of the Judea Mountains during the last decade owing to the construction of Highway 6 (Cross Israel Highway). Previous studies in the surrounding areas already described folds, whose axes are oriented perpendicular to the main NNE-SSW trending of the monocline axes (e.g. Bentor & Vroman 1954; Shomroni 1970; Dimant 1971; Livnat 1971; Ilani 1972; Hildebrand 1975) . However, to date, there is no coherent explanation to their origin and time relation with the large-scale monoclines. Several options have been suggested to explain the origin of these folds. (a) They are collapse structures that formed owing to karst activity. This karstic activity formed large sub-surface cavities in the carbonate rocks of Bina formation into which the overlying rocks were tilted and folded by collapse. (b) The folds are intraformational structures of the Turonian age that initiated by landslides in the unstable shelf sediments. (c) The folds have a tectonic origin owing to post-Turonian shortening.
Each of these fold mechanisms is known in the area and displays a distinctive pattern (Fig. 2) . The goals of the present study are to quantify the orientations of these folds (and associated faults) and define their deviation from the major structures of the SAFB, and to ascribe an appropriate mechanism for their formation. We also discuss the formation age of these structures and their relation to known tectonic phases. In addition, karst development related to folding will be described.
Geological setting
The study area, along Highway 6 between Ben Shemen interchange to the south and Nakhshonim interchange to the north, comprises gentle dipping strata (38-108) to the west, which crop out west of the flexural zone of the Ramallah monocline. The stratigraphic section exposed in this area is mainly composed of the Cenomanian -Turonian carbonate rocks of the Judea Group, uncomfortably overlain by the Senonian chalks and cherts of the Menuha and Mishash formations (Mount Scopus Group) or, in some locations, by the Miocene carbonaticclastic Saqiye Group (Livnat 1971; Hildebrand 1975) . Most outcrops in the study area are comprised of the Turonian Bina Formation (Fig. 3) , which is divided into three members (Livnat 1971) . (a) Dolomitic-limestone member, comprising of pale grey, dense, fine-grained dolomite with yellow patina, forming well-bedded 1 m thick ledges, interbedded with thin marl layers. (b) Bioclastic limestone member, comprising of massive, well-bedded biosparitic limestone. (c) Sublithographic limestone member, comprising of pale grey-yellowish limestone, and contains layers of irregular chert nodules and concretions.
Folds within the Bina Formation are known in this area and are the main focus of the present study. In some locations rocks of the Menuha Formation fill cavities and funnels within the Bina formation, indicating that the area was exposed to surface erosion at the end of the Turonian series (Livnat 1971) .
Method
We measured the orientation of folds and faults at 17 outcrops along Highway 6 and one outcrop in Shilat Junction (Israel Coord. 151820/146440) , all of them in the Bina Formation. Two additional folds in the overlying Mount Scopus Group were measured along road number 444 (Fig. 1b) , closely located to Highway 6. Dips of the folded beds, on both limbs of the fold, were measured, and the fold axes were calculated based on a cylindrical best-fit of poles to bedding (i.e. p-diagram). In a few cases, the fold axes were measured directly. Fault attitude and orientations of kinematic indicators (e.g. displaced layers, striae, slickolites and smallscale pull-aparts) were measured at the same outcrops, to obtain the instantaneous strain axes under which the faults were formed and to compare them with the finite strain axes derived from the folds. One to three folds and up to ten faults were measured at some of the outcrops (Tables 1 & 2) , depending upon the quality of exposure. A total of 27 folds and 47 faults were measured, with each fold containing any number from 5 to 27 fold beds.
We processed the folds data with Stereonet for Windows v. 1.2 program (Allmendinger 2003) . A fold is regarded as cylindrical when 90% of the p-poles fall within an angle of 108 from the constructed p-circle, and sub-cylindrical when 90% fall within an angle of 208 from the p-circle (Ramsay & Huber 1987) . The distribution of the fold axes is displayed by rose diagrams and the division of the fold population into different groups is based on common, but different, directions of fold axes.
A fault's sense of displacement was determined by the association of displaced layers and striations or slickolites. Fault data was processed with FaultKin for Windows v. 1.2 program (Allmendinger 2001) . In this program the P & T are the instantaneous strain axes for a fault, where P, the shortening strain axis, and T, the extensional strain axis, are at 458 to fault plane. The mean shortening and extensional strains were calculated as the Bingham distribution, which is equivalent to an unweighted moment tensor summation (Allmendinger 2006) . Maps were produced with Arcmap 8. 2 GIS program (2006) .
Results

Folds
The folds are open (i.e. interlimb angle c. 1408) upright, sub-horizontal (Ramsay & Huber 1987;  Twiss & Moores 1992), with wavelengths ranging between 25 -100 m and amplitude between 10-30 m (Fig. 3) . The studied localities along the central part of Highway 6 (Table 1 ) and the associated p-diagrams and fold axes are presented in Figure 4 . The trends of the fold axes and geometry (anticline or syncline) are indicated according to the precise location within the outcrop (Fig. 5 ).
Several observations are apparent from examination of the maps and stereograms (Fig. 6 ). (a) All the folds are cylindrical or sub-cylindrical according to Ramsay & Huber (1987) criteria. (b) The trend of the major group of folds (15 folds), Group A, is 28/2548, a 95 ¼ 9.38. The mean trend of all the folds is similar to that of the major group, implying that the NNW -SSE shortening is the predominant shortening direction. The trend of the minor group of folds (6 folds without consistent spatial order (e.g. compare fold axes in the neighbouring stations 7 and 8). The four uncommon NW-trending folds are all closely located at the most southern part of the study area (Stations 3, 14B, 16-17) and maybe related to local disturbance at that site.
Outcrops of the Menuha Formation, composed of massive chalks, are exposed along Highway 6. However, the absence of any prominent bedding or stratigraphic markers prevent dip measurements of these rocks. On the other hand, dip measurement of 40 cm thick folded layer of the Mishash chert exposed in two localities along road 444 (Israel Coord. 145116/153489, 144749/152211) reveals that the fold axes are similar to that of Group A. In one location, near Re'ut (Israel Coord. 152560/143505), we measured a fold in Pliocene rocks whose 2648 trending axis is similar to that of Group A (Fig. 7) .
Faults
A total of 47 normal and strike-slip faults were measured in the study area (Table 2) , their exposed length varies between 0.5 to 10 m. The entire population of the faults can be divided into three main groups based on their P & T axes kinematic analysis (Fig. 8) Several observations are apparent from inspection of Figure 8 and Table 2 . (a) The predominant extension, based on Groups A and C, is oriented ENE -WSW; a second direction, based on Group B is NNW-SSE. (b) Fault orientations vary among the stations; for example, in a few stations (e.g. stations 3 and 18) faults belonging to only one group were found, whereas in other stations (e.g. stations 2, 6 and 14) faults belonging to two groups were found.
Field observations show that some of the normal fault planes are sub-parallel, restricted to single mechanical layers, and associated with parallel joint planes without any evidence for significant displacement along them. This phenomenon suggests that these faults are actually reactivated joints or faulted joints (Wilkins et al. 2001) .
Karst development related to fold hinge zone
Field observations indicate that in many of the examined folds the hinge zone is more deformed and characterized by various stages of karst development. In some folds, only a few joints and faults can be found (Fig. 9b) , whereas in others intensively fractured hinge zone with vertical, closely spaced joints with rough walls are found (Fig. 9c) . Recent karst activity in some folds is expressed by opened joints filled with loose fragments of the surrounding Cretaceous limestones mixed with Terra Rosa (Fig. 9d ) . In several outcrops, fold hinge zones are associated with small karstic caves, which are commonly filled in by impure calcite, sometimes in the stalactite form (Fig. 9e) . Notably, palaeokarst of the Late Turonian age were also found ( Fig. 10) and is characterized by cavities within the Bina Formation that are filled by the chalks of the Menuha Formation (Mount Scopus Group).
Discussion
Previous studies in and around the study area described folds, whose trend are not aligned parallel Hildebrand-Mittlefehldt (1993) and Yechieli (2007) ]. Each fold axis is represented with an arrow, whose head shows the fold plunge. The three different kinds of arrows relates to the different groups of folds. The number at the base of the arrow is the outcrop number (Table 1) , whereas the number at the tip of the arrow is the plunge of the fold axis. . Trend of fold axes in the study area projected on lower hemisphere equal area stereographic nets and rose diagrams. Each point on the projection represents a fold axis whose orientation was determined by the p-diagram method (Table 1 ). The size of the rose diagram sector is 108 and the petals indicate the relative frequency of the points. Upper stereogram-All fold axes, Group A -ENE-WSW trending folds and Group B -NNE-SSW trending folds. with that of the NNE -SSW orientation of the major Syrian Arc structures in central Israel in general and the Ramallah monocline in particular. Bentor & Vroman (1954) were the first to indicate that the Tulkarm, 'Azzun, Naballa, Lydda and Barfilya noses are small secondary folds perpendicular to the major Ramallah monocline. Later, Dimant (1971) , Ilani (1972) and Hildebrand (1975) mentioned undulations, whose approximate width is 1.5-2.5 km and amplitude 20 -80 m, that are perpendicular to the Syrian Arc structures. Additionally, these studies mention intraformational folding within the Bina formation, whose wavelength varies from tens to hundreds of meters (Shomroni 1970; Dimant 1971; Livnat 1971; Ilani 1972; Hildebrand 1975) . Based on the scale, it seems that the folds described in this study correspond to these latter folds. However, in this study we could quantify, owing to the new outcrops exposed by the construction of Highway 6, the trend of folds and faults by measuring their attitudes, whereas in the previous works only Ilani (1972) provides a general direction of these folds. The folded section of Turonian rocks consists of multiple layers with different mechanical properties and thickness (commonly 10 -40 cm). It is well known that the dominant wavelength of a structure is a linear function of the layer thickness, and that the competent (stiff ) layers rather than incompetent (soft) layers control the shape and wavelength of the folds (e.g. Ramsay & Huber 1987) . It is accepted that the wavelength of the large-scale Syrian arc monoclines is controlled by the displacement along large buried reverse faults at depth (e.g. Mimran 1976 ). The studied folds, however, are parasitic features on the western limb of the largescale Ramallah monocline. Their relatively short wavelength and different trend may indicate that their formation is not controlled by buried faults, but by a different mechanism. The data presented in this study indicate that a few folds (Group B) are compatible with the NNE -SSW orientation of the Syrian Arc structures, and may be regarded as parasitic small folds of the Ramallah monocline. However, the majority of folds exposed along the central part of Highway 6 are aligned ENE -WSW (Group A), and therefore not compatible with the major NNE-SSW trend of the SAFB. Hence, the focus of the following discussion will concentrate on these folds. Karstic processes are well known within the Bina Formation at this area (Dimant 1971; Livnat 1971; Ilani 1972; Hildebrand 1975; Frumkin & Fischhendler 2005) , and are also described in this study. In a few locations surrounding the study area, the association between synclines and karst activity was observed or suggested (e.g. Buchbinder & Sneh 1984; Frumkin pers. comm. 2007 ). We acknowledge the fact that the folding of layers might be associated with karsts (Fig. 2) , but argue that the folds along Highway 6 are associated with buckling and not with other mechanisms owing to the following reasons. (a) Deformation by collapse of layers into karstic cavities should result in random trends of the fold axes. The orientations of fold axes measured in the study area are not random and are divided into two coherent subpopulations without an overlap of their a-95 confidence circles. On the other hand, the preferred orientation of these fold populations can be attributed to known regional deformation phases. (b) Commonly, collapse of layered blocks into karstic cavities result in disruption of the bedding (Fig. 11) . However, in most of the folds in the study area, the limbs are continuous. Intensive fracturing, when it exists, is located only at the very deformed hinge zone. (c) Field examination in the study area (Fig. 10) shows that the effect of karsts on the surrounding beds is minor and very local. Collapse of bedding may result in the formation of small synclines, above or within the karstic cave, however, it cannot explain the formation of the large anticlines, with wavelengths of about 100 m, as found in the area (Fig. 3) . (d) The formation time of the faults that accompany the folds is uncertain. However, the majority of faults were formed under a strain field that is compatible with the ENE-WSW trending of the majority of the folds.
We suggest an alternative scenario for karst evolution in the study area in which the karst development follows the formation of folds similar to the work of Jamicic & Novosel (1999) . In this scenario, the spacing of joints and faults at the hinge zone is higher than at the fold limbs. Therefore, karst formation, owing to flowing water followed by block collapse, is concentrate at fold hinge zones. Figure 9 displays such a process according to different deformed hinge zones found in the study area.
Large undulations in the Bina Formation were explained, based on thickening of Senonian sediments in the synclines and thinning in the anticlines, by post-Turonian-pre-Senonian formation age correlative with the formation of the main Syrian Arc structures (e.g. Dimant 1971; Ilani 1972; Hildebrand 1975) . According to these studies, these undulations were formed by a combination of NW-SE shortening and block movement along faults at the basement. However, no direct evidence supporting the existence of faults in the basement, which is essential for this explanation, was given, and in addition, this explanation cannot account for the formation of structures perpendicular to the SAFB at the same time. Bentor & Vroman (1954) suggested that the 'intense compression caused a tendency of elongation along the main fold axis. An anticline, such as the Central Israel Fold range, built in part by hard limestones and dolomites, showed resistance to this tendency of elongation and, as the only direction of relief is upward, the elongating anticline will start to crinkle into small secondary folds perpendicular to the main axis'. Nevertheless, in such a mechanism, elongation parallel to fold axis is necessary and this is not usually observed in most of the folds. Regarding the small-scale folding within the Bina formation, Dimant (1971) and Ilani (1972) suggested that these folds were evolved by syn-sedimentary landslides within the Bina formation, and regarded them as intraformational folding. According to this explanation, local folds were created when landslides of soft beds upon more lithified ones occurred owing to tectonic movements that started during the Upper Cenomanian series and continued to the Turonian series. Landslides within the Bina formation were found in the study area (e.g. near Shilat Junction, Israel Coord. 151696/147182) and are characterized by landslide scars and change of bedding dip within a small distance (Fig. 2) . The folds measured in the study do not contain scars and the change of the dip is gradual. Furthermore, landslides upon the limb of a large structure, like the Ramallah monocline, is expected to produce small parasitic folds whose axes are parallel to the main fold and not perpendicular as recorded in this study.
The tectonic movements mentioned in previous studies seem to be related to the early folding phase with a WNW-ESE plate-related Syrian Arc shortening, which started during the Late Turonian series (Eyal & Reches 1983) . This shortening direction can account for only a minor group of measured folds (Group B). The ENE -WSW trending folds comprising the major folds group (Group A) indicate a shortening direction of NNW-SSE, which is perpendicular to the expected trend. Analysis of the strike -slip faults (Group C) also indicates a NNW-SSE shortening direction and ENE -WSW extension similar to that of the main group of normal faults (Group A), and to the main joint system, 340 -3458, found in the area (Livnat 1971; Hildebrand 1975) (Fig. 12) . Evidence for both the Syrian Arc Stress (SAS) and Dead Sea Stress (DSS), were found by macro-and mesostructures that indicate regional shortening parallel to S Hmax , accompanied by simultaneous regional extension normal to S Hmax (Eyal & Reches 1983; Eyal 1996; Eyal et al. 2001) . The SAS is associated with WNW-ESE shortening and NNE -SSW extension, and the DSS by NNW -SSE shortening and ENE-WSW extension. We suggest that most structures studied in this work may be related to the Miocene to the Present regional NNW-SSE shortening associated with the DST (Eyal & Reches 1983) .
Although this regional stress/strain field is related to the DST, evidence for structures compatible with the DSS was found as far as 200 km on both sides of the transform (Eyal & Reches 1983; Eyal 1996) . Therefore finding structures compatible with the DSS in the study area, about 30 km west of the transform, is plausible. To strengthen the argument that the folding in the study area did not resulted from intraformational folding during the deposition of the Bina Formation, similar structures should be also found in younger formations. This would indicate that the deformation is not restricted to the Turonian Bina Formation and resulted from a younger tectonic phase. Indeed, observations in two localities in the study area revealed similar ENE -WSW trending folds, comprised of Senonian rocks (e.g. Mishash Formation), and in one location (Livnat 1971; Hildebrand 1975) . P indicates shortening and T extension.
(Re'ut) even Pliocene rocks seem to be folded. However, a final prove for this argument, needs an additional study on a larger scale.
Conclusions
The most prominent fold trend observed in the carbonatic Bina Formation along the central part of Highway 6 in Israel is ENE-WSW. This trend is not compatible with the NNE-SSW trend of the major Syrian Arc structure of the Ramallah monocline. Field observations and kinematic analysis discard the possibility that these folds are intraformational structures or were formed owing to karstic activity. The well-grouped fold trends, folds appearance and existence of similar folds in formation younger than Bina Formation indicate that the folds were formed owing to tectonic shortening. The NNW-SSE shortening and ENE -WSW extension indicated by the faults found in the study area support the suggestion that these folds should be attributed to a younger stress field, such as that associated with the DST.
